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Abstract Recurrent climate winter regimes are examined
from statistically reconstructed and modelled 500 hPa
geopotential height ﬁelds over the North Atlantic/
European sector for the period 1659–1990. We investi-
gate the probability density function of the state space
spanned by the ﬁrst two empirical orthogonal functions
of combined winter data. Regimes are detected as pat-
terns that correspond to areas of the state space with an
unexpected high recurrence probability using a Monte
Carlo approach. The reconstruction and the model re-
veal four recurrent climate regimes. They correspond to
the two phases of the North Atlantic Oscillation and two
opposite blocking patterns. Complemented by the
investigation of the temporal evolution of the climate
regimes this leads to the conclusion that the recon-
structed and the modelled data for this geographic sector
reproduce low-frequency atmospheric variability in the
form of regime-like behaviour. The overall evidence for
recurrent climate regimes is higher for the model than
for the reconstruction. However, comparisons with
independent data sources for the period 1659–1990 re-
vealed a more realistic temporal evolution of the regimes
for the reconstructed data.
1 Introduction
Starting from the early work of Rossby (1939), many
studies revealed that atmospheric variability is charac-
terised by a few preferred recurrent and/or persisting
large-scale ﬂow patterns, which occur at ﬁxed geo-
graphical regions. Therefore, the concept of atmospheric
circulation regimes has been developed to connect these
observations with atmospheric dynamics. In general,
ﬂow patterns that persist longer than the typical and
synoptical time scale of about 10 days are deﬁned as
weather regimes and detected on the basis of daily data.
Preferred ﬂow patterns determined on the basis of
monthly mean data are generally referred to as climate
regimes. In the framework of the concept of climate
regimes, low-frequency climate variability can arise due
to transitions between the distinct atmospheric regimes
and is manifested, primarily, in terms of changes in the
frequency of occurrence of the preferred circulation re-
gimes (Palmer 1999). If the concept of regimes is proven,
a better understanding of long-term variability and the
improvement of long-range forecasts of the climate
system behaviour by identifying those regimes can be
achieved.
Several methods have been developed for the detec-
tion of weather and climate regimes. Baur et al. (1944)
introduced a phenomenological approach with the
concept of the so-called ‘‘Grosswetterlagen’’. In this
approach, the classiﬁcation of daily weather maps is
based on the assumption that only a ﬁnite number of
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atmospheric states exists. A more advanced concept is
the search for teleconnected regions in atmospheric data,
incipient by investigating correlation maps (e.g. Exner
1924; Walker 1924; Wallace and Gutzler 1981), to the
nowadays commonly used method of principal compo-
nent or EOF-analysis (e.g. Barnston and Livezey 1987).
To prove the existence of multiple weather/climate re-
gimes, more advanced methods are applied today. This
includes cluster analysis (e.g. Mo and Ghil 1988; Cassou
et al. 2004), the detection of local density maxima in the
reduced state space of atmospheric data (e.g. Molteni
et al. 1988; Kimoto and Ghil 1993a, 1993b; Corti et al.
1999), the search for quasi-stationary states in the re-
duced state space (e.g. Hannachi 1997), or extended
versions of principal component analysis (e.g. Vautard
1990; Monahan et al. 2001). The studies analysing ob-
served atmospheric data give evidence for the existence
of multiple (two to six) weather/climate regimes for the
Northern Hemisphere. A summarising table of these
studies regarding their data basis and number of iden-
tiﬁed regimes is given in Stephenson et al. (2004).
Moreover, several climate models have conﬁrmed the
regime behaviour of the northern hemispheric ﬂow. The
analysis of diﬀerent model runs (e.g. Hannachi 1997;
Hsu and Zwiers 2001; Raible et al. 2001; Weisheimer
et al. 2001) mostly revealed regimes which are known
from observational analysis. Furthermore, studies of
model runs with increased greenhouse gases show a
general tendency towards a decreased number of pre-
ferred regimes, but no change of their spatial structure
(e.g. Monahan et al. 2000).
Accepting the existence of weather/climate regimes,
the question arises regarding the underlying dynamical
processes. The fundamental paper by Charney and De-
Vore (1979) was the ﬁrst to explain atmospheric ﬂow
regimes as multiple equilibria, thus associated with sta-
ble ﬁxed points of the state space. In subsequent studies
with low-order nonlinear dynamical systems, multiple
regimes were related to metastable ﬁxed points or other
simple attracting invariant sets (e.g. Lorenz 1963; De
Swart 1988; Legras and Ghil 1985; Palmer 1993, 1999).
Hasselmann (1999) proposed an explanation for multi-
ple regimes even in high-dimensional systems taking the
model of a stochastically forced particle moving around
several potential wells.
External forcing inﬂuences the frequency of occur-
rence of preferred circulation regimes. Palmer (1999)
suggested a dynamical paradigm for climate change.
Accordingly, a (weak) external forcing does not change
the spatial pattern, but results in frequency changes of
occurrence of the weather/climate regimes. This
dynamical paradigm is supported by e.g. Corti et al.
(1999) on the basis of the northern hemispheric 500 hPa
geopotential height ﬁelds.
Based on the above-mentioned studies, we consider
the concept of weather/climate regimes caused by the
nonlinear dynamics of the atmosphere as useful for
understanding low-frequency variability in observa-
tional data and simulations with complex climate mod-
els. The studies of Hsu and Zwiers (2001), Yang and
Reinhold (1991) and Stephenson et al. (2004) stated that
observational time series are too short to identify
recurrent climate regimes and their changes with statis-
tical signiﬁcance and that such analyses should be per-
formed on a sectoral basis. A possibility to fulﬁl these
requirements is the use of reconstructions of past climate
periods.
We aim at investigating the evidence for climate re-
gimes in a 330-year long data set of reconstructed
500 hPa geopotential height ﬁelds (Luterbacher et al.
2002) for the North Atlantic/European sector. Till now,
this data set has been unique and very useful for com-
parison with the simulated regime variability in complex
climate models. Therefore, we compare the regime var-
iability of the reconstructed data with that of a 500-year
long, externally forced model simulation (Zorita et al.
2004). Before that, the corresponding control run was
analysed with respect to regime variability (Handorf
et al. 2004) presenting hints on multi-model regime
behaviour.
This study is organised as follows. In Section 2, the
two data sets are introduced. Section 3 presents the
methodology used to detect recurrent climate regimes in
the 500 hPa geopotential height ﬁelds. Section 4 deals
with the leading patterns of climate variability for the
North Atlantic/European sector 1659–1990. Section 5
depicts the reliability of reconstructed data in repro-
ducing recurrent climate regimes. Moreover, the recur-
rent climate regimes for the reconstruction and the
model are presented for the period 1659–1990. Finally,
the temporal evolution and the potential of both the
data sets in reproducing recurrent climate regimes is
discussed. Conclusions are given in Section 6.
2 Data
2.1 Reconstructed 500 hPa geopotential height ﬁelds
Luterbacher et al. (2002) statistically reconstructed
monthly means of the 500 hPa geopotential ﬁeld from
1659 to 1990 and seasonal means from 1500 to 1658 for
the area 70N–30N to 30W–40E on a 2.5·2.5 grid.
Instrumental station temperature, pressure, and
precipitation series in combination with documentary
proxy evidence (e.g. Glaser et al. 1999; Pﬁster 1999)
from various European areas are used in what is
termed a ‘‘reverse speciﬁcation’’ (Klein and Dai 1998)
to statistically reconstruct the 500 hPa geopotential
height ﬁelds. A principal component regression analy-
sis is used to derive the statistical relationships between
the climate information (predictors) and the NCEP-
reanalysis data (Kalnay et al. 1996; Kistler et al. 2001)
during the calibration period 1948–1990. Luterbacher
et al. (2002) applied diﬀerent calibration/veriﬁcation
exercises within that period in order to obtain infor-
mation on the stability of the results and the quality of
the reconstructions through time. The transfer func-
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tions obtained over the 1948–1990 period were applied
to the pre-1948 data in order to get the ﬁnal estimates
of the mid-tropospheric ﬁelds back to 1500. For details
of the reconstruction technique, the sources of the
predictor data, and the uncertainties, the reader is re-
ferred to Luterbacher et al. (2002).
The methodology for the reconstruction is based on
the assumption of stationarity. Thus, the statistically
derived relationships between the combined station time
series and the large-scale 500 hPa geopotential height
ﬁelds over the calibration period remain the same
through the reconstruction period.
Reduction of error (RE) statistics (see Cook et al.
1994 for a review) were calculated grid point by grid
point between the NCEP-reanalysis data and the esti-
mations during the veriﬁcation period 1976–1990. Fig-
ure1 presents the evolution of the spatially averaged RE-
values over all 435 grid points for the North Atlantic/
European sector for the winters (DJF) 1500–1990. RE
ranges from +1 (perfect agreement between recon-
structions and observed time series for the veriﬁcation
period) to ¥. RE=0 means that the reconstruction is no
better than climatology (i.e., the mean of the period
1948–1990). Negative values indicate that the recon-
struction provides no useful information. The recon-
struction data show good skill for the period 1659–1990.
It can be seen that for the period 1500–1658 the RE-
values averaged over the entire North Atlantic/Euro-
pean grid are rather low and therefore, only the data
from 1659 onwards are used for the detection of the
climate regimes. The lowered overall quality can be
attributed to the limited climatic information from only
a few predictors without pressure information for the
pre-instrumental period. From 1659 onwards, the qual-
ity of the reconstruction increases with time similar to
the number of predictors, especially when station pres-
sure series become available.
2.2 Modelled 500 hPa geopotential height ﬁelds
The modelled data set were obtained from a transient
500-year integration of the coupled atmosphere–ocean
general circulation model ECHAM4/HOPE-G (ECHO-
G; Legutke and Voss 1999) with prescribed time-evolv-
ing external forcing functions (Zorita and Gonza´lez-
Rouco 2002; Zorita et al. 2004). These external forcing
functions are based on the historical values of the solar
constant, including volcanic activity through changes of
the eﬀective solar constant (Crowley 2000), of the CO2
concentration (Etheridge et al. 1996) and of the CH4
concentration (Blunier et al. 1995) for the period 1500–
1990.
The ECHO-G consists of the atmospheric GCM
ECHAM4 (Roeckner et al. 1996) and the global version
of the Hamburg ocean primitive equation GCM HOPE-
G (Wolﬀ et al. 1997). The atmospheric model is based
on the full set of the primitive equations. Processes like
radiation, clouds, precipitation, convection, and diﬀu-
sion, have been parameterised. Nineteen sigma pressure
levels reaching from the ground up to 10 hPa give the
vertical resolution of the atmosphere. The horizontal
spectral resolution of T30 corresponds to a Gaussian
grid of 3.75·3.75. The oceanic GCM includes 20 ver-
tical layers and has a horizontal resolution of T42
(2.8·2.8) with further meridional reﬁnement up to 0.5
in the equatorial region. Furthermore, it incorporates a
dynamic–thermodynamic sea–ice model with snow
cover. For the long-term simulation, an annual-mean
ﬂux correction for heat and fresh water is applied to
avoid an unrealistic climate drift of the coupled system.
In agreement with the reconstructed data, our study
on the behaviour of tropospheric circulation regimes
over the North Atlantic/European sector has been
determined on the basis of monthly mean winter (DJF)
data for the region 70N–30N to 30W–40E.
Fig. 1 Model performance
(reduction of error; RE) for the
reconstructed winter (DJF)
500 hPa geopotential height
ﬁelds plotted against the time
for which a given multivariate
model (for the veriﬁcation
period 1976–1990) was used.
The RE is the spatial average
over 435 grid points over the
North Atlantic/European
sector. The calibration/
veriﬁcation (1948–1990; C/V),
the reconstruction (1500–1947),
and the studied period 1659–
1990 are marked by arrows
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3 Methods
In Section 1, climate regimes were introduced in a gen-
eral sense as recurrent/persistent circulation patterns.
Accordingly, climate regimes are deﬁned in terms of the
PDF of the 2-dimensional reduced sub-space as pat-
terns, which correspond to areas of the state space with
an unexpected high recurrence probability. The basis of
this study is a monthly mean winter (DJF) data of
500 hPa geopotential height for the North Atlantic/
European sector, characterising the ﬂow of the free
atmosphere.
The method to determine climate regimes comprises
the reduction of the state space to the two leading basis
functions. Further, it includes the estimation of the PDF
of this state space. Then, areas of the state space with an
unexpected high recurrence probability are detected and
ﬁnally, spatial patterns of the recurrent climate regimes
are calculated.
Similar to the studies of Kimoto and Ghil (1993a,
1993b), Corti et al. (1999) and Hsu and Zwiers (2001),
the reduced state space is spanned by the two leading
EOFs. Joint EOFs have been calculated on the basis of
the combined data sets of modelled and reconstructed
data over the North Atlantic/European sector to regard
the same state space for the reconstructed as well as for
the modelled data and thus, to ensure good compara-
bility of the PDFs.
The EOF patterns are calculated on the basis of the
monthly anomaly winter data after removing the sea-
sonal cycle and correcting for latitudinal distortions.
Afterwards, all EOF patterns are re-normalised by the
square root of the corresponding eigenvalues. Thus, the
re-normalised EOF patterns carry the units of the data
and the corresponding time series (principal compo-
nents; PCs) are standardised (cf. von Storch and Zwiers
1999). The state variables of the reduced state spaces
either for the modelled or for the reconstructed data are
formed by the so-called Pseudo-PCs, obtained by pro-
jecting the corresponding data onto the two leading joint
EOFs. Therefore, the statistical properties (mean, vari-
ance and autocorrelation) of the Pseudo-PCs are slightly
diﬀerent from those of the regular PCs.
The joint PDF p(PC1 and PC2) of the state space is
calculated with a non-adaptive Gaussian kernel estima-
tor (Silverman 1986). For this kind of computation, the
properties of the kernel estimator strongly depend on the
smoothing parameter h. To avoid the pretence of mul-
timodality of the PDF we use the optimal window width
hopt for normally distributed data with unit variance
according to Silverman (1986). The optimal window
width ensures the minimising of the mean integrated
squared error and is given by
hopt ¼ A n1=dþ4
with n length of time series, d dimensionality and
A=0.96 for d=2 and a Gaussian kernel.
The optimal window width hcro for the analysed, not
necessarily normally distributed data, can be determined
by a least-squares cross validation method to minimise
the mean integrated squared error (score function) be-
tween the ‘‘true’’ and the estimated density (Silverman
1986). For the data sets used in this study, the score
function revealed a broad minimum, and the diﬀerences
between hopt and hcro are rather small (between 5% and
25%) and the detected climate regimes remain the same
for hopt and hcro (not shown). These results are similar to
those of Hsu and Zwiers (2001), for observed northern
hemispheric data. In the following, the data-independent
value of h=hopt is chosen for all PDF calculations in-
stead of the cross-validated value, again in order to en-
sure good comparability between the PDFs.
Areas of the state space with an unexpected high
recurrence probability are estimated by means of ade-
quate Monte Carlo (MC) simulations (e.g. Kimoto and
Ghil 1993a, 1993b). Therefore, 1000 random pairs of
Pseudo-PC time series are simulated with the same
mean, variances, lag-one autocorrelation and correla-
tion coeﬃcients as the original Pseudo-PC time series
(PC1 and PC2). The areas with an unexpected high
recurrence probability are deﬁned by using the 95%
(90%) conﬁdence interval, i.e., 950 (900) or more sim-
ulated PDFs have smaller probability values than the
original PDF at these regions.
To support the robustness of the determined pre-
ferred regions of the state space the diﬀerence between
the joint PDF p(PC1 and PC2) and the product of the
marginal PDFs p(PC1) · p(PC2) is investigated. In the
case of statistically independent Pseudo-PCs this diﬀer-
ence would be identical to zero, otherwise the Pseudo-
PCs are statistically dependent. Areas with positive
values of this diﬀerence represent preferred regions of
the state space. It is worth mentioning that studies by
Monahan et al. (2001) even conﬁrm the coincidence of
these regions with regimes determined by means of a
nonlinear generalisation of principal component analy-
sis.
To fully characterise the signiﬁcance of the deter-
mined regimes, the local signiﬁcance test that is de-
scribed is not suﬃcient. According to Hsu and Zwiers
(2001), a global test quantity IPDF is deﬁned as the
integral of the estimated PDF over the estimated pre-
ferred regions of the state space. Thus, a low value of
IPDF suggests that the estimated preferred regions are
connected with small residence probability and may not
be indicative for recurrent regimes. Again, the signiﬁ-
cance of the IPDF is determined by the previous MC
simulations, taking into account those MC simulations,
which have an IPDF smaller than that of the estimated
PDF from our data. This test statistic p(IPDF) takes
into account whether the areas of an unexpected high
recurrence probability are connected with relatively high
PDF values and give (for high values) evidence that the
determined regimes are not regimes resulting from
sampling variability.
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4 Leading patterns of climate variability
The dominant joint spatial patterns of the reconstructed
and modelled winter (DJF) data over the North Atlan-
tic/European sector from 1659 to 1990 are displayed in
Fig. 2. The ﬁrst two EOFs accumulate approximately
54% of the total 500 hPa winter geopotential variance.
The most dominant pattern (Fig. 2, left panel, explain-
ing 29.1% of the variance) shows a monopole structure
centred over the British Isles, which depicts the existence
of blocking anticyclones (in case of positive PC values)
or troughs (in case of negative PC values). The second
EOF (Fig. 2, right panel, explaining 24.9%) resembles a
NAOlike dipole-structure with a northward shift of
the centres of action. The ﬁrst two leading EOFs are well
separated after North’s rule-of-thumb (North et al.
1982) from EOF3. Note that an EOF analysis on the
reconstructed and modelled data separately revealed
similar patterns (not shown). This includes a blocking
pattern (EOF2 of the reconstructed and EOF1 of the
simulated data) and a dipole, NAOlike pattern (EOF1
of the reconstructed and EOF2 of the simulated data).
The latter diﬀer with respect to the orientation of the
dipole axis, it is NW–SE orientated for the reconstruc-
tion, and NE–SW orientated for the simulation.
To analyse the temporal evolution of these circula-
tion patterns, a continuous wavelet transformation is
applied to the Pseudo-PC time series for both the
reconstructed and modelled data. By using this trans-
formation (e.g. Kumar and Foufoula-Georgiou 1997;
Torrence and Compo 1998), it is not only possible to
determine the dominant periods of a time series, but also
their occurrence time. Thus, more information about the
non-stationary behaviour of time series is gained.
Figures 3 and 4 show the time series of Pseudo-PC1
(left panels, a and c) and Pseudo-PC2 (right panels, b
and d) for the reconstructed and modelled data,
respectively. The most striking feature is the good
resemblance of the behaviour of the NAO for the last
decades with the evolution of Pseudo-PC2 of the
reconstructed data (Fig. 3b). This time series shows the
pronounced period of negative NAOvalues (accord-
ingly negative Pseudo-PC2 values) in the 1960s followed
by an increased frequency of positive NAO phases in the
500 hPa geopotential ﬁelds (e.g. Hoerling et al. 2001;
Hurrell et al. 2004). Furthermore, the range of vari-
ability of the Pseudo-PC2 increases signiﬁcantly around
1770. After that time the RE-values, describing the
quality of the reconstructions, reveal highly skilful
reconstructions (cf. Fig. 1). The simulated data (Fig. 4b)
show only a slight tendency to increased PC2 values
corresponding to an increased frequency of positive
NAO phases for the last 10 years. The model does not
reproduce the period of negative NAOvalues in the
1960s.
The inspection of the blocking-related Pseudo-PC1
reveal for the reconstructed data rather small variations
on the decadal timescale (cf. ﬁltered time series) except a
period of about 30 years from 1670 to 1700 with pro-
nounced positive values of Pseudo-PC1. This persistent
occurrence of blocking situations is connected with en-
hanced inﬂow of cold polar air to central Europe during
that time (Wanner et al. 1995; Luterbacher et al. 2001).
This feature is not visible in the model data.
In the lower panels of Figs. 3 and 4, the local
wavelet power spectra, obtained with the Morlet
wavelet, depict variability at interannual, decadal and
interdecadal timescales. For the Pseudo-PC2 of the
reconstructed data, which correspond to the NAO, we
Fig. 2 The ﬁrst two joint empirical orthogonal functions (EOFs)
based on the combined data sets of modelled and reconstructed
data over the North Atlantic/European sector. Data are monthly
mean winter (DJF) 500 hPa geopotential height ﬁelds from 1659 to
1990. EOF1 (left panel) explains 29.1%, EOF2 (right panel) 24.9%
of the total variance
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have found signiﬁcant signals for periods about 6–
8 years for the last 50 years (cf. Fig. 3d). Again, this
coincides with ﬁndings from the observational
NAOrecord (Hurrell and van Loon 1997; Handorf
et al. 1999). The Pseudo-PC2 time series for the
modelled data have not revealed increased variability
on the interannual timescale, but increased variability
at interdecadal periods about 40–50 years for the ﬁrst
half of the considered period 1659–1990 (Fig. 4d). The
blocking time series for both, the reconstructed and
modelled data (Pseudo-PC1, Figs. 3c and 4c), display a
rather random behaviour with largest variations before
1750 in accordance with the above described varia-
tions.
5 Recurrent climate regimes and temporal evolution
5.1 Reliability of reconstructed recurrent climate
regimes 1948–1990
In order to investigate the reliability of reconstructed
data for the determination of recurrent climate regimes,
the period from 1948 to 1990 is investigated. Note that
a) b)
d)c)
Fig. 3 Upper panels: unﬁltered
(black) and smoothed (white,
10-year Gaussian ﬁlter) time
series of Pseudo-PC1 (a) and
Pseudo-PC2 (b) of the monthly
mean reconstructed winter
(DJF) 500 hPa geopotential
height ﬁelds from 1659 to 1990.
c, d Corresponding local
wavelet power spectra, obtained
with the Morlet wavelet. At
both ends, dash-dotted lines
separate regions where edge
eﬀects become important. The
thick contour envelopes areas
exceeding the 95% conﬁdence
level for a corresponding red
noise process
a) b)
d)c)
Fig. 4 Same as in Fig. 3, but
for monthly mean winter (DJF)
modelled data from 1659 to
1990
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reconstructions of the calibration period are used for
this period. In Luterbacher et al. (2002), the data from
1948 onwards is the reanalysis itself. The reconstructed
data are of high quality during that time (cf. Fig. 1) and
compared with the NCEP reanalysis (Kalnay et al. 1996;
Kistler et al. 2001). According to the described meth-
odology, the basis of the reduced state space is formed
by the ﬁrst two joint EOFs of the reconstructed and the
NCEP reanalysis 500 hPa geopotential height ﬁelds for
DJF.
The structure of these EOFs diﬀers from that of the
period 1659–1990. The joint EOF1 1948–1990 (26.5%)
reveals a NAOdipole, which diﬀers from EOF2 for the
whole period (right panel Fig. 2) by its orientation.
EOF2 (26.2%) is very similar to the blocking EOF1 for
the whole period (left panel Fig. 2).
Figure 5 presents a comparison between the PDFs of
the NCEP reanalysis Pseudo-PCs (Fig. 5a) and the
reconstructed Pseudo-PCs (Fig. 5b) 1948–1990. The
PDFs are calculated using the optimal bandwidth 0.43.
a) b)
d)c)
Fig. 5 Probability density function (PDF, contours in %) for
monthly mean of winter (DJF) NCEP reanalysis data (a) and
reconstruction data (b) from 1948 to 1990 in the state space
spanned by the ﬁrst two joint EOFs. Light grey shaded areas mark
regions with an unexpected high recurrence probability on a
conﬁdence level of 90%, dark grey shading reveals the 95% level.
Both are determined by means of a MC approach. The PDFs are
calculated with the optimal bandwidth 0.43. The value given by
p(IPDF) is the probability that the global test quantity p(IPDF) is
greater than the corresponding value of random MC simulations
on the 95% conﬁdence level. Diﬀerence plots are plotted between
the joint PDF p(PC1,PC2) and the product of the marginal PDFs
p(PC1) · p(PC2) for monthly mean winter (DJF) NCEP reanalysis
data (c) and reconstructed data (d) from 1948 to 1990. The solid
lines mark positive values indicating preferred regions in the PDF,
the dotted lines show the negative values (contours are +/0.2, 0.6,
1, 1.4, 1.8)
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Regions of unexpected recurrence probabilities are
indicated by shaded areas and denote recurrent climate
regimes. These regions are derived using the described
MC approach on the 90% and 95% conﬁdence level.
Additionally, Fig. 5c (Fig. 5d) displays the diﬀerences
between the joint and the product of the marginal PDFs
(diﬀerence-PDF) for the NCEP reanalysis (reconstruc-
tion). Positive values are indicated by solid lines and
represent preferred regions of the state space; areas with
negative values of the diﬀerence are enclosed by dashed
lines.
The MC approach for the NCEP data (Fig. 5a) re-
veals one dominant regime on the 95% conﬁdence level
and for PDF-values >2%. It is located at the centre and
stretched towards the edge of the PDF. The comparison
with its diﬀerence-PDF (Fig. 5c) suggests that this region
of unexpected high recurrence probability corresponds to
two regimes, one located near the centre of the distri-
bution and the other located in the lower left quadrant at
the edge of the distribution. For the reconstructed data
(Fig.5b), one dominant regime located at the centre of
the distribution is detected on the 95% conﬁdence level.
The comparison of the diﬀerence-PDF (Figs. 5c and d)
reveals a very similar structure concerning the position of
the ﬁve maxima and four minima in the state space (for
the region of PDF-values >2%) for the two data sets.
The joint examination of PDF and diﬀerence-PDF leads
to the conclusion that for the NCEP data as well as for
a) b)
d)c)
Fig. 6 Same as in Fig. 5, but for monthly mean winter (DJF) reconstructed (a, c) and modelled (b, d) geopotential height ﬁelds from 1659
to 1990. The optimal bandwidth is 0.3
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the reconstructed data the general structure of the PDF is
very similar. The signiﬁcant recurrent regime located
near the centre of the distribution is reproduced by both
data sets. The fact that the regimes detected at the edge of
the distributions do not pass the MC based signiﬁcance
test can be attributed to the rather small sample size of
126 (42 winters). The values for the global test statistics
p(IPDF) (0.59 for NCEP-data and 0.41 for reconstructed
data), indicate that the overall evidence for recurrent
regimes for the North Atlantic/European sector is suﬃ-
cient for the period 1948–1990.
To summarise, the analyses of this section revealed
similar results for NCEP as well as reconstructed data
concerning the structure of the PDF, the positions of the
regimes in the state space and the overall evidence for
recurrent regimes. Thus, for the period 1948–1990 (and
periods of similar quality) reconstructed data can be
reliably used for the determination of recurrent regimes;
however, the p(IPDF) is lower for the reconstruction
than for the reanalysis.
5.2 Recurrent climate regimes for the period 1659–1990
Figure 6 shows the PDFs of the reconstructed and
modelled monthly mean winter data of the 500 hPa
geopotential height ﬁelds for 1659–1990 in the state
space spanned by the ﬁrst two joint EOFs. The PDFs are
calculated using the optimal bandwidths of 0.3. There-
fore, the PDFs are directly comparable. Again, regions
of unexpected recurrence probabilities are derived using
the MC approach and indicated by shaded areas. As in
Fig.5, the diﬀerence-PDFs are displayed in the lower
parts of Fig. 6.
For the reconstructed data, four signiﬁcant regions
are detected by means of the MC simulations on the
95% conﬁdence level (Fig. 6a). Only regimes within
PDF-values >2% are considered. The position of these
recurrent climate regimes in the state space is conﬁrmed
by the diﬀerence-PDF displayed in Fig. 6c. For the
modelled data (Fig. 6b), the MC approach on the 95%
conﬁdence level reveals also four regions of unexpected
recurrence probability. In accordance with the structure
of the EOFs spanning the state space, the four regimes
are lettered by NAO+, NAO, BL+ and BL. On the
95% conﬁdence level, the signiﬁcant regions related to
the NAO and BL+ regime are situated at similar re-
gions of the state space in both the data sets. The
NAO+ and BL regimes are detected at somewhat
diﬀerent state space regions. The additional ﬁfth regime,
for the reconstructed data, on the 90% conﬁdence level
is not considered here in detail due to its position near
the centre of the distribution corresponding to a fre-
quent occurrence of the mean circulation. This is due to
an overestimation of mean conditions of the recon-
struction algorithm for periods with lowered skill (prior
to 1700, cf. Fig. 1). For the reconstruction, the
assumption of normal distributed residuals is made.
Thus, the higher the residuals due to a low number of
predictors, the more the reconstruction tends to normal
distribution.
The main diﬀerence between the modelled and
reconstructed data is related to the overall evidence for
recurrent regimes. The values for the global test statistics
p(IPDF) amount to 0.11 for the reconstructed data and
to 0.95 for the modelled data. Thus, for the period 1659–
1990, the overall conﬁdence for recurrent regimes is high
only for the model.
For a physical interpretation, an anomaly composite
of each reconstructed (modelled) recurrent climate re-
gime is presented in Figs. 7 and 8a–d. These anomaly
composites are obtained by averaging all geopotential
height anomaly ﬁelds (members) belonging to the state
space range of recurrent climate regimes characterised in
Figs. 6a and b by the dark-grey shaded areas. Further-
more, the standard deviations for each regime are cal-
culated as a measure for the variability of all members
that form a composite.
The BL+ regime (Fig. 7a, consisting of four mem-
bers) for the reconstruction exhibits a typical European
blocking dipole with strong positive geopotential height
anomalies over northwestern Europe and the adjacent
North Atlantic and negative ones for the Mediterranean
and eastern Europe. This conﬁguration blocks storm
activity from the North Atlantic and is connected with
anomalous northerly ﬂow towards central Europe. The
reconstructed BL+ regime indicates strong similarities
to the modelled BL+ (Fig.8a, 22 members). Distinctions
are found in the distribution of the standard deviation.
The composite of the reconstructed BL+ shows higher
variability than the modelled BL+. High values occur in
both regimes along a ridge from the Baltic Sea towards
the Mediterranean. The highest values for the recon-
struction are found over the western North Atlantic.
The BL- regime for the reconstruction is the opposite
pattern of BL+ (Fig. 7b, ten members). Generally, the
BL- regime composite for the reconstructed data has
stronger anomalies compared with the corresponding
modelled regime (Fig. 8b, 52 members). The distribution
of the standard deviation is similar in both composites,
showing high values in the central North Atlantic and
over western Russia.
The NAO+ regime for the reconstruction (Fig. 7c,
31 members) presents a dipole structure with negative
geopotential height anomalies centred over Iceland and
positive values extending from the Azores to the central
Mediterranean. This is connected with strong westerly
mid-tropospheric ﬂow towards Europe. The modelled
NAO+ regime (Fig. 8c, 109 members), which is also
signiﬁcant on the 99% conﬁdence level, shows a similar
structure as its counterpart in the reconstruction.
However, the southern centre of action is shifted
northwards. The standard deviation pattern is similar in
both regimes, though developed stronger in the mod-
elled anomaly composite.
The reconstructed NAO regime (Fig. 7d, nine
members) is the inverse pattern of Fig. 7c. It is connected
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to a weakening of the Icelandic Low and the Azores high.
The decreased geopotential height diﬀerence leads to a
weakened zonal ﬂow towards Europe. The NAO re-
gime for the reconstruction diﬀers slightly from the
modelled composite (Fig. 8d, 12 members). For the
modelled NAO, the positive centre of anomalies is
shifted eastwards, the negative centre northwards and
expands towards the North Atlantic. The distributions of
the standard deviations reveal more similarities, with two
centres of maxima in the central North Atlantic and
northeastern Europe. The variability of the reconstructed
NAO regime is higher than for the modelled data.
To summarise, the analyses revealed four signiﬁcant
recurrent climate regimes for the reconstruction and the
model data. However, for the period 1659–1990, the
overall conﬁdence for recurrent regimes is high only for
the model. The composite analysis shows that these re-
gimes are related to the two phases of the NAO and the
two opposite blocking situations.
5.3 Temporal evolution of recurrent climate regimes
The length of the two data sets allows to improve the
understanding in the temporal evolution of the North
Atlantic/European recurrent climate regimes for the last
331 years. For both the data sets, the Pseudo-PCs are
divided into running windows, covering 100 winters
each, and the corresponding PDFs for these segments
are estimated. The PDF of the ﬁrst running window
segment is, therefore, calculated by the two leading
Pseudo-PCs of the winters 1659–1758, the second from
1660 to 1759 and so on. The temporal evolution of the
global test quantity p(IPDF) of the recurrent climate
regimes is presented in Fig. 9 in order to investigate the
evidence for climate regimes in the two data sets over
time. Furthermore, two animations of the temporal
recurrent climate regime evolution are provided (see
Electronic Supplementary Material ‘‘reconstruction.gif’’
and ‘‘model.gif’’). In the ﬁrst pictures of these anima-
tions, all segments are plotted on top of each other to
visualise preferred regions for the occurrence of regimes
in the PDF.
The p(IPDF) values for the modelled geopotential
height ﬁeld regimes (solid lines) are generally higher
than for the reconstruction (dashed lines) for the period
after 1720 (+/50 years). Regarding only these two
realisations of the past climate for the North Atlantic/
European sector, the model reveals more evidence of
recurrent climate regimes than the reconstruction.
However, it is questionable, which realisation is more
realistic. Therefore, we assess the evolution of the time
series using independent evidences (i.e. data that are
not used for the reconstruction and the validation of
the model) of past circulation ﬂow over the studied
area.
a) b)
d)c)
Fig. 7 a–d Anomaly patterns of reconstructed 500 hPa geopotential height ﬁelds (in gpm, shaded) of the winters (DJF) belonging to the
four recurrent climate regimes detected on the 95% conﬁdence level (dark grey shading in Fig. 6a). The dotted contours indicate the
standard deviation for the patterns
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From 1670 to 1700, the reconstruction reveals a
period with a persistent occurrence of blocking situa-
tions (Fig. 3a), which is not represented by the modelled
data (Fig. 4a). Koslowski and Glaser (1999) report a
phase of sea–ice extension in the Western Baltic that is
strongly connected to weak westerlies and the existence
of persistent blocking situations over Europe during that
period. The reconstruction shows a strong BL+ regime
at central position of the PDF in combination with a
dominant NAO regime during that period (see Elec-
tronic Supplementary Material ‘‘reconstruction.gif’’).
The skill of the reconstructions is reduced prior to 1720
(Fig. 1) and this may lead to an overestimation of nor-
mal distributed reconstructions and the appearance of
the BL+ regime near the centre of the PDF. The PDF
exceeds in its central position values of 20%, whereas the
model reveals highest PDF values of around 10%. After
1720, the BL+ regime at the central position vanishes.
This also explains the rather high p(IPDF) for the
reconstruction prior to 1750.
The p(IPDF) values for the reconstructed recurrent
climate regimes are generally very low during the period
1770–1830. This period is characterised by a prominent
transition of the regimes (see the animation for the
reconstruction). The BL+ regime completely disap-
pears, the dominant NAO regime is weakened and
around 1790 (+/50 years) the NAO+ regime becomes
the dominant pattern. This can be traced back to the
positive peak in the NAO related Pseudo-PC2 of the
reconstruction around 1770–1800 (Fig. 3b). Slonosky
et al. (2000) reported an increased meridional ﬂow over
central Europe (e.g. Paris–London Index) during that
time. This period is often referred to as the Dalton
Minimum, a decrease in the solar irradiance from
around 1790 to 1830. It is beyond the scope of this study
a)
c) d)
b)
Fig. 8 a–d The same as in Fig. 7, but for the the four regimes detected in Fig. 6b for the model data
Fig. 9 The temporal evolution of the global test statistic value
p(IPDF) for the running window segments, covering 100 winters
each, starting 1659–1758. The solid line marks the p(IPDF) values
for the model, the dotted line for the reconstruction. The p(IPDF)
values are calculated on the basis of the 95% conﬁdence level
Casty et al.: Recurrent climate winter regimes in reconstructed and modelled 500 hPa geopotential height ﬁelds 819
to relate the low p(IPDF) values of the reconstruction to
a decrease in solar forcing. However, the quality of the
reconstruction for this period is highly skilful (cf. Fig 1)
and cannot explain the decrease in the p(IPDF) quan-
tities.
After 1850, the modelled and the reconstructed data
show high p(IPDF) values. The animation for the
reconstruction reveals four regimes; however, the
NAO+ regime dominates. This is related to the realistic
trend of positive Pseudo-PC2 values after 1960 (Fig. 3b).
This is not that evident for the model. It also shows a
dominant NAO+ phase, but in interaction with the
BL+ regime.
Regarding the two animations and especially their
ﬁrst pictures, it becomes clear that regimes appear at
preferred regions in the PDF and that there are regions,
which are never occupied. Except the central BL+
regime for the reconstruction prior to 1720, all these
regimes seem to be robust but temporally variable. They
appear mainly at the positions already detected in
Figs. 6a, b (shaded areas).
To summarise, the evolution of recurrent climate re-
gimes is not stable over time. Generally, a better evi-
dence of recurrent climate regimes is found in the model
for the period after 1720 than in the reconstruction.
However, there are some indications that the recon-
struction reproduces more realistic regimes for the
North Atlantic/European sector after 1720, when com-
pared with the independent evidence of past climatic
anomalies. Prior to 1720, a BL+ regime at central po-
sition of the state space for the reconstructions is de-
tected, which is not robust over the whole period. It
appears mainly due to the lowered quality of the
reconstruction. The higher degree of realism on the side
of the reconstructions suggests that the chronological
evolution of the regimes on these timescales in this
model realisation is rather related to the internal vari-
ability in the climate system than to the changes in
external forcing factors used to drive the model, the only
link of the model to the past. This interpretation is
supported by analysis of the control simulations (Han-
dorf et al. 2004) revealing climate regimes without any
changes in the variations of the external forcings.
6 Conclusions
The detection of recurrent climate winter regimes in
reconstructed and modelled 500 hPa geopotential height
ﬁelds over the North Atlantic/European sector 1659–
1990 is presented. Recurrent climate winter regimes are
deﬁned as patterns, which correspond to areas of a low-
dimensional, reduced state space with an unexpected
high recurrence probability. In order to consider a
comparable state space, the modelled and reconstructed
data are combined.
The detection of recurrent climate regimes is achieved
by using an appropriate MC technique. The method for
estimating the PDF is sensitive to the selection of an
adequate bandwidth and the choice of the kernel func-
tion. In this study, optimal values for the bandwidth are
determined to avoid spurious multimodality and ensure
the comparability of the PDFs. Furthermore, a global
test statistic is introduced.
The reliability of the reconstructed recurrent climate
regimes is investigated by comparing reconstructed
500 hPa geopotential height ﬁelds for the winters 1948–
1990 with NCEP reanalysis data. The regime detected in
the reconstruction is similar to the one in the reanalysis.
Similarities are also found for the structure of the
underlying PDF. It is stated that the reconstructed data
are reliable for the determination of recurrent regimes
during the period 1948–1990 and during periods with
similar quality of reconstructed data.
Both, the statistically reconstructed and the modelled
data for the observed geographical sector show low-
frequency variability in the form of recurrent climate
regime characteristics during the winters 1659–1990.
Four similar regimes for both the data sets are detected.
The composite analysis shows that these regimes are
related to the two phases of the NAO and two opposite
blocking situations reﬂecting the most important pat-
terns of atmospheric variability for the North Atlantic/
European sector for the period 1659–1990.
A running window, covering 100 winters each, is
applied to the PCs and the corresponding PDFs are
estimated in order to investigate the temporal evolution
of the climate regimes. There is more evidence for
recurrent climate regimes in the modelled data due to the
generally higher values of the global test statistics for the
period 1720 onwards. However, the detected chronology
of regimes for the reconstruction is supported by ﬁnd-
ings from independent data sources.
Spatio-temporal reconstructions as the one analysed
here oﬀer long and high-quality estimations of past cli-
mate variability. Combined studies of reconstructions
and model output help improve our understanding of
past climate dynamics and processes, when considering
their limitations and uncertainties. The investigated
speciﬁc model simulation of ECHO-G reveals the same
climate regimes as the reconstruction, but diﬀerences
with respect to the regime chronology are found. At this
point, we see the need for further research concerning
the inﬂuence of external forcings versus internally gen-
erated climate variability by analysing ensembles of
transient model runs together with diﬀerent independent
reconstruction approaches as a prerequisite for reliable
assessments of future climate change.
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